Long-term air pollution data with high temporal and spatial resolutions are needed to support the research of physical and chemical processes that affect the air quality, and the corresponding health risks. However, such datasets were not available in China until recently. For the first time, this study examines the spatial and temporal variations of PM 2.5 , PM 10 , CO, SO 2 , NO 2 , and 8 h O 3 in 31 capital cities in China between March 2013 and February 2014 using hourly data released by the Ministry of Environmental Protection (MEP) of China. The annual mean concentrations of PM 2.5 and PM 10 exceeded the Chinese Ambient Air Quality Standards (CAAQS), Grade I standards (15 and 40 μg/m 3 for PM 2.5 and PM 10 , respectively) for all cities, and only Haikou, Fuzhou and Lasa met the CAAQS Grade II standards (35 and 70 μg/m 3 for PM 2.5 and PM 10 , respectively). Observed PM 2.5 , PM 10 , CO and SO 2 concentrations were higher in cities located in the North region than those in the West and the SouthEast regions. The number of non-attainment days was highest in the winter, but high pollution days were also frequently observed in the South-East region during the fall and in the West region during the spring. PM 2.5 was the largest contributor to the air pollution in China based on the number of non-attainment days, followed by PM 10 , and O 3 . Strong correlation was found between different pollutants except for O 3 . These results suggest great impacts of coal combustion and biomass burning in the winter, long range transport of windblown dust in the spring, and secondary aerosol formation throughout the year. Current air pollution in China is caused by multiple pollutants, with great variations among different regions and different seasons. Future studies should focus on improving the understanding of the associations between air quality and meteorological conditions, variations of emissions in different regions, and transport and transformation of pollutants in both intra-and inter-regional contexts.
Introduction
Air pollution in China receives increasing attention by the general public as well as scientific researchers and policy makers due to frequent occurrences of severe regional and inter-regional air pollution events. Air pollution data with high spatial and temporal resolutions are needed to accurately evaluate the health risks associated with air pollutant exposure. However, open-access air pollution data published by the Ministry of Environmental Protection (MEP) of China and local environmental protection bureaus were historically scarce. Also these data are only limited to a generalized daily Air Pollution Index (API) based on the highest of the three criteria pollutants including sulfur dioxide (SO 2 ), nitrogen dioxide (NO 2 ) and inhalable particles (PM 10 , particulate matter with aerodynamic diameter less than 10 μm). Although concentrations of other air pollutants have been reported in scientific literature for a few urban regions such as the Pearl River Delta (PRD) (Louie et al., 2005) , the Beijing metropolitan area (Zhang et al., 2012b) and some other major cities (Han et al., 2010; Peng et al., 2013; Wang et al., 2014a; Wang et al., 2014b) , it is difficult to extrapolate these data to other regions due to complex terrain, meteorological conditions and emission distributions . Even for the highly instrumented regions such as PRD, continuous data with high temporal resolution were generally unavailable Zhang et al., 2012a) . These data are useful for exposure assessments and investigation of pollution formation/transport mechanisms using statistical methods or air quality models. It is also difficult to scientifically assess and for the public to perceive the effectiveness of proposed air pollution measures without detailed records of the spatial and temporal variations of air pollutant concentrations.
A number of previous studies on temporal and spatial variations of concentrations of air pollutants in China have been reported, but detailed observational data were scarce. Some of them are limited within one single city. For example, Zhao et al. (2014) used fine particles (PM 2.5 , particulate matter with aerodynamic diameter less than 2.5 μm) and PM 10 data collected at 30 sites in Beijing during the winter and the spring of 2012 and 2013 and applied the ordinary Kriging interpolation to show that PM concentrations were lower in the north near the mountain areas and higher in the south in urban areas. West part of the urban area experienced higher concentrations than the east part of the city. Peak PM concentrations occurred in January. PM concentrations in Beijing are negatively correlated with wind speed and positively correlated with relative humidity. Analyses with larger spatial coverage have also been reported. For example, Qu et al. (2010) studied spatial and temporal distribution of PM 10 reconstructed from reported API records from 2000 to 2006 in 83 cities. It was found that PM 10 concentrations were highest in cities in northern China and lowest in southern China. A decreasing trend was observed for northern cities but no significant changes were detected for cities in other regions. Consistent with other studies, PM 10 concentrations peaked in the winter and were the lowest in the summer.
Studies on spatial and temporal distribution of multiple criteria pollutants have also been reported. Chai et al. (2014) reported a study on the spatial and temporal variations of the 6 criteria pollutants in 26 cities in China using data collected between August 2011 and February 2012. 16 cities had data for all six criteria pollutants while the remaining 10 cities only had data for SO 2 , NO 2 and PM 10 . All pollutants except ozone (O 3 ) showed higher concentrations during winter months and lower concentrations in the summer. Carbon monoxide (CO) and SO 2 , as well as PM 2.5 and PM 10 , were much higher in northern cities, but O 3 and NO 2 did not show significant differences between northern and southern cities. Ji et al. (2012) conducted a more detailed analysis of two severe regional PM events in northern China during October and November 2009 using PM 10 , SO 2 and NO x data collected at 24 sites and PM 2.5 data collected at 5 sites. It was found that high PM 10 events were regional instead of being isolated within large cities. The PM 2.5 / PM 10 ratio increased during high PM events. Analyses of synoptic weather patterns and back trajectories showed that light wind, elevated temperature in surface inversion and low mixing height caused by low pressure systems were responsible for the weak dilution of primary pollutants and enhanced secondary PM formation. Although these studies provide valuable insights, none of them covers a full-year PM 2.5 data and few of them include cities in less economically developed areas such as the northwest and southwest of China.
The objective of this study is to examine the temporal and spatial variations of PM 2.5 , PM 10 , CO, SO 2 , NO 2 , and 8 h O 3 in China based on the one-year (March 2013 to February 2014) officially released data for 31 provincial capital cities. The air quality attainment conditions of these cities are studied and the leading factor for days that exceed the ambient air quality standards is determined. Inter-correlation of different pollutants is studied to provide a more comprehensive understanding of the current status of air pollution in China.
Methods
To evaluate the overall air quality status in China, we analyzed oneyear long ambient monitoring data of PM 2.5 , PM 10 , CO, SO 2 , NO 2 , and 8 h O 3 in the 31 provincial capital cities in China (except Taipei, Hong Kong, and Macau). To contrast the regional difference of air quality, the 31 cities were further categorized into three general regions, i.e., North, South-East, and West. The cities are listed in Table 1 and their locations are shown in Figure S1 . The 31 capital cities have a total population of 231 million in 2013, accounting for 17% of the total population in China.
The real-time hourly concentrations of SO 2 , NO 2 , PM 2.5 , PM 10 , CO, and O 3 in the 31 capital cities were downloaded from the publishing website of China National Environmental Monitoring Center (http:// 113. 108.142.147:20035/emcpublish/) . In January 2013, MEP started to publish hourly air quality data of the six criteria pollutants at individual monitoring site for 74 major cities through the website. This database is essential for providing a more detailed picture of the extent of the current air pollution situations in China. 8 h O 3 concentrations in this analysis were calculated based on hourly O 3 concentrations. One-year data from March 1st, 2013 to February 28th, 2014 were included in this study. All the measurements were conducted at the national air quality monitoring sites located in each city. Multiple air quality monitoring (AQM) sites (4-17) were set up in each city as shown in Table 1 . The monitoring sites have been designed as a mix of urban and background sites, with most of the sites in urban area, and a few in suburban and rural areas as background sites.
At each site, automated monitoring systems were installed and used to measure the ambient concentration of SO 2 , NO 2 , O 3 and CO. According to China Environmental Protection Standards HJ 193-2013 (http:// www.es.org.cn/download/2013/7-12/2627-1.pdf), and HJ 655-2013 (http://www.es.org.cn/download/2013/7-12/2626-1.pdf), the PM 2.5 and PM 10 continuous monitoring system consists of the sample collection unit, the sample measurement unit, the data collection and transport unit, and other accessory equipment. The micro oscillating balance method and the β absorption method are both used to measure PM 2.5 and PM 10 . The continuous monitoring systems for NO 2 , SO 2 , O 3 and CO consist of the sampling unit, the calibration device, the analytical instrument, and the data collection and transport unit. NO 2 , SO 2 and O 3 are measured using the chemiluminescence method, the ultraviolet fluorescence method, and the UV-spectrophotometry method, respectively. CO is measured using the non-dispersive infrared absorption method and the gas filter correlation infrared absorption method.
The values from the monitoring sites at each city are automatically reported to the China National Environmental Monitoring Center and published after being validated through Technical Guideline on Environmental Monitoring Quality Management HJ 630-2011 (http://kjs. mep.gov.cn/hjbhbz/bzwb/other/qt/201109/ W020120130585014685198.pdf). The citywide average concentrations were calculated by averaging the concentrations at all sites in each city. This is the same method that the government uses to report daily concentrations of air pollutants to the public. A sanity check was conducted on the hourly data at individual sites to remove problematic data points before calculating the average concentrations. The 24-hour average concentrations of each pollutant were calculated only when there were valid data for more than 20 h during that day. The 8-hour O 3 concentrations were calculated when there were valid data for at least 6 h for every 8 h. The same dataset has been used in a previous study (Hu et al., 2014) for analysis of summer PM 2.5 and PM 10 in the North China Plain (NCP) and Yangtze River Delta (YRD) regions. A brief description of the dataset has also been provided there.
Results and discussion

Overview of air pollutants
Due to the large population and the rapid urban development, 24 of the 31 cities experienced air pollution that exceeded CAAQS (Chinese Ambient Air Quality Standards (GB3095-2012)) Grade II standards for over 30% days of the year in 2013-2014 (Table 1) . Higher concentrations of PM 2.5 , PM 10 , CO and SO 2 were generally observed in the cities located in the North region (see Figure S2) . A number of studies have related the higher concentrations in the North region to the emissions from fossil fuel combustion and biomass burning (e.g. Chai et al., 2014; Pui et al., 2014; Qu et al., 2010; Wang et al., 2014a; Wang et al., 2014c; Yang et al., 2013; Zhang et al., 2012a; Zheng et al., 2005) . More coal-based industries (such as coal-fired power plants, iron and steel manufacturing, etc.) and coal and biomass burning based domestic home heating in winter (from middle November through middle March) result in higher emissions and concentrations in the North region (Zhang et al., 2009; Zhao et al., 2011) . No clear spatial difference was observed for NO 2 and O 3 among the three regions, which agrees with the findings of Chai et al. (2014) . The emission inventory shows that power plants, industry and transportation are the major sources of nitrogen oxides (NO x , i.e., NO + NO 2 ) (Zhang et al., 2012a) . Therefore, NO 2 was generally higher in areas with more power plants and industries (such as Shijiazhuang and Jinan) (Wang et al., 2005; Zhao et al., 2012) and/or areas with larger amount vehicles (such as Guangzhou) . O 3 is a secondary pollutant, formed in the atmosphere through the photochemical reactions of NO x and volatile organic compounds (VOC) (Atkinson, 2000; Li et al., 2012; Zhang and Ying, 2011) . O 3 is more spatially divergent than NO 2 , reflecting the complex non-linearly relationship in O 3 formation with NO 2 . PM 2.5 concentrations show great temporal variability with the highest in the winter (2013 December-2014 February) and the lowest in the summer (2013 June-2013 August) (Fig. 1) . The spring (2013 March-2013 May) and the fall (2013 September-2013 November) concentrations were approximately the same. The elevated PM 2.5 concentrations in the winter were resulted from the combination of the coal combustion and biomass burning for residential heating and the unfavorable weather conditions for air pollution dilution and dispersion (Chai et al., 2014) . Industrial sources play a vital role in some cities with high PM 2.5 concentrations. PM 10 concentrations reached the highest in the spring in a number of cities in the West region (i.e., LZ, XA, XN, and YC) and the North region (i.e., BJ, HT, JN, and TY, as shown in Fig. 2) . Back-trajectory analysis indicates that dust was transported by the strong winds from the Mongolia and Qinghai-Gansu region (see Figure S3 ). Similar findings have been reported in a number of previous studies (Qu et al., 2010; Shen et al., 2014) . Except the elevated PM 10 due to dust events in spring in the above cities, PM 10 shows a similar seasonal trend as PM 2.5 in other cities, especially in the South-East region. PM 2.5 accounted for a large fraction of PM 10 in most cities (N40%), leading to the similar seasonal trends between PM 2.5 and PM 10 (Fig. 3) .
CO (Fig. 4) , NO 2 (Fig. 5) , and SO 2 (Fig. 6 ) also exhibit the similar seasonal variations with the highest concentrations in the winter and the lowest in the summer. These seasonal variations reflect the effects of meteorological conditions and emissions. For example, stagnant meteorological conditions characterized by slow winds and shallow mixing layers occur more frequently in the winter, trapping the pollutants near the surface and leading to high concentrations (Tai et al., 2010) . Additional fossil fuel combustion sources such as residential coal combustion for heating also contributed to the formation of high pollution in the winter (Zhang et al., 2009; Zhao et al., 2011) . The peak CO and SO 2 concentrations observed in the North region in the winter suggest the strong impact of the coal combustion for residential heating on local air quality. 8 h O 3 shows an opposite seasonal variation with the highest concentrations in the summer and the lowest in the winter (Fig. 7) , because O 3 formation rate depends on the intensity of solar radiation (Atkinson, 2000; Chan and Chan, 2000) .
Attainment of air quality standards
Table 1 also lists the number of non-attainment days (defined as days with any pollutant concentration exceeding Grade II standards) for all 31 cities during 2013-2014 based on the newly revised CAAQS GB3095-2012. 24 of the 31 cities experienced severe air pollution with 30% of the days exceeding Grade II standards (or a non-attainment rate of 30%). Shijiazhuang, Wuhan, and Xi'an were the cities with the highest numbers of non-attainment days in the North, South-East, and West regions, respectively. Shijiazhuang had the highest nonattainment rate of 86%, while Kunming had the lowest nonattainment rate of 4%. In all the capital cities in the North region, 8 out of the 11 capital cities in the South-East region and 6 out of 10 capital cities in the West region had non-attainment rate over 30%. Therefore, air quality in the North region of China was generally worse than the South-East and West regions based on the number of non-attainment days. A recent study indicated that life expectancies were 5.5 years lower in the north part of China due to exposing to higher levels of air pollution .
Substantial difference in the seasonal air quality non-attainment rate was observed among regions and even among cities located in the same region (Fig. 8) . In the North region, no obvious seasonal variation was observed for the non-attainment rate in Shijiazhuang, Jinan, Tianjin and Beijing, while in the other cities, summer was the best air quality season with non-attainment rate generally lower than 30%, but winter non-attainment rate was generally higher than 50%. The contrast was the greatest in the three capital cities located in the Northeast China: Shenyang, Changchun, and Haerbin. In the South-East region, all cities had strong seasonal variation in the non-attainment rates. The non- attainment rate in the summer (the lowest) was generally 4-10 times lower compared with the winter (the highest) except for Shanghai. Air pollution in the fall could also be an important problem in this region due to the biomass burning as suggested by previous studies (e.g. Zha et al., 2013) . In the West region, winter had the worst air quality. But for cities located in the northwest part of this region, i.e., Lanzhou and Xining, severe PM 10 air pollution could occur due to the windblown dust in the spring (see Figure S3 ).
The major pollutant
A daily 'major pollutant' is identified for every city to measure what pollutant contributes the most to the air quality degradation. It is defined based on the Air Quality Index (AQI) system. Daily individual AQI values are calculated using concentrations of individual pollutants. The pollutant that has the maximum AQI is then defined as the major pollutant on that day (Cheng et al., 2007) . Fig. 9 illustrates the major pollutants on all the non-attainment days in each city. PM 2.5 was the most frequent major pollutant in all the three regions. PM 10 was the second frequent major pollutant in the North and West regions, but in Shijiazhuang, Huhehaote, Lanzhou, and Xining, PM 10 was the most frequent major pollutant. In contrast, O 3 was the second most frequent major pollutant in the South-East region. Occurrences of CO, NO 2 , and SO 2 as the major pollutant are much less frequent.
The contributions of different criteria pollutants to the major pollutant show distinguished seasonal variations. Table 3 shows the fractions of each criteria pollutant being the major pollutant in each season. PM 2.5 was the major pollutant for 90% or more of the days in winter in all the three regions. In the spring, days with PM 10 as the major pollutant in the North and West regions, account for nearly half of the non-attainment days. It indicates the remarkable impact of coarse particles (PM 2.5-10 ) from dust on local air quality in the regions (Qu et al., 2010; Shen et al., 2014) as discussed previously. In the summer, O 3 was the most frequent major pollutant in the South-East and West regions, and was the second most frequent major pollutant (after PM 2.5 ) in the North region. In the fall, PM 2.5 and PM 10 were two frequent major pollutants, on 68-78%, and 11-27% of the non-attainment days, respectively.
Correlations between air pollutants
The Pearson correlation coefficients (R) were calculated between all pollutants for each of the three regions (Table 4) . Over the one-year period, PM 2.5 was highly correlated (R N 0.5) with PM 10 , CO, SO 2 and NO 2 in all three regions, reflecting the common origin of these species from fossil fuel combustion. The correlations among pollutants also show seasonal variations. In the winter, O 3 reversely correlated with the other pollutants. All six pollutants except for O 3 were highly correlated with each other in all regions. Similar correlations among pollutants were also observed in the fall, but the correlations were slightly weaker than those in the winter. In the summer, O 3 became positively correlated with the other pollutants, especially in the South-East region. All other pollutants were still correlated with each other, but the correlations were lower than in the winter and the fall. The correlations between PM 2.5 and other pollutant (except for O 3 ) in the summer were weaker than in the winter, which is probably due to the strong formation of secondary PM (Guo et al., 2010) . The correlations in the spring are generally similar to those in the fall, except that PM 10 correlations with CO, SO 2 and NO 2 became substantially lower in the West region in the spring.
Conclusions
This paper analyzes air quality monitoring data collected in 31 capital cities in China during March 2013 to February 2014. The spatial and temporal variations of the concentrations of the six criteria pollutants, PM 2.5 , PM 10 , CO, SO 2 , NO 2 and O 3 , and the air quality attainment status and the major pollutants in each city are characterized. The annual average concentrations of PM 2.5 and PM 10 exceeded the CAAQS Grade I standards for all cities. Only Haikou, Fuzhou and Lasa met the Class II standards for PM 2.5 and PM 10 . Higher concentrations of PM 2.5 , PM 10 , Fig. 9 . Total non-attainment days and the major pollutants in the 31 provincial cities (grouped by their region category and ranked by number of non-attainment days). CO and SO 2 were observed in cities located in the North region compared with the West and the South-East regions especially during the winter. 24 of the 31 cities experienced air pollution exceeding the Grade II standards for over 30% of the days in the study period. The highest non-attainment rate was found in the winter, but high pollution days were also frequently observed in the South-East region during the fall and in the West region during the spring. Overall, PM 2.5 was the most frequent major pollutant to the air pollution in China, followed by PM 10 and O 3 . PM 10 in the North and West regions in the spring, and O 3 in the three regions in the summer became important major pollutants affecting the non-attainment days. Moderate to high correlations between pollutants (except for O 3 ) were found in most seasons. O 3 was in general positively correlated with other pollutants in the summer but negatively correlated in other seasons. This paper builds a platform for a comprehensive understanding of the current air pollution in China. The results indicate that air pollution in China is caused by multiple pollutants, and the air pollution shows great divergence among different regions and different seasons. Region-oriented air pollution management plans are highly suggested. This study also calls for future studies to investigate the associations between air quality and meteorological conditions, emissions in different regions, transport and transformation of pollutants in both intra-and inter-regional contexts, to further improve the understanding of the physical and chemical processes that affect the air quality in China. 
